All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Colorectal cancer (CRC) remains one of the most frequent causes of cancer-related death worldwide. The 5-year overall survival rate is less than 10% in advanced stages of the disease and chemotherapy treatment remains essential for these patients. Despite the availability of new target therapies against EGFR or VEGF, combinations of oxaliplatin (OXA) with fluoropyrimidines remain the most commonly used frontline regimens in the metastatic setting \[[@pone.0123830.ref001], [@pone.0123830.ref002]\]. Cytotoxicity of OXA is mainly generated through the formation of platinum-DNA adducts resulting in DNA transcription and replication blockade. Consequently, it activates several signaling pathways leading to DNA damage repair and/or the activation of cell death programs \[[@pone.0123830.ref003]\] which in turn depends, among other factors, on the mutational status of the tumor suppressor gene p53 \[[@pone.0123830.ref004]--[@pone.0123830.ref006]\]. However, it is apparent that not all patients benefit from OXA treatment with resistance processes representing the main obstacle of treatment effectiveness. Chemoresistance to platinum agents is a complex and multifactorial process in which several mechanisms such as drug influx/efflux modifications, alterations in DNA damage repair, decrease of cell death activation, autocrine survival signaling or high detoxification activity could take part \[[@pone.0123830.ref007]--[@pone.0123830.ref010]\]. Unfortunately, most of the studies concerning platinum drugs resistance have focused on cisplatin and the real biological behavior and mechanisms of response to OXA in colorectal cells is mostly unknown.

In the past few years many studies have directed their attention to tumor cell metabolism as a mechanism of cell adaptation to drug sensitivity \[[@pone.0123830.ref011], [@pone.0123830.ref012]\]. In this line, we found in a previous study that isoform M2 of Pyruvate Kinase enzyme (PKM2) is linked to OXA resistance acquisition in an *in vitro* model and we were able to translate our results into a small cohort of metastatic CRC patients who had received OXA/5-FU chemotherapy \[[@pone.0123830.ref008]\]. Other authors have reported that PKM2 expression and activity is linked to cisplatin resistance in gastric tumor cells \[[@pone.0123830.ref013]\] and in colorectal cancer cells with acquired resistance to 5-FU treatment \[[@pone.0123830.ref014]\]. These facts indicate that this enzyme could have an important role in resistance acquisition processes to different chemotherapeutic drugs. Furthermore, it has been shown that some of the PKM2 biological functions depend on the enzyme's nuclear translocation which is promoted by different post-translational modifications such as tyrosine phosphorylation \[[@pone.0123830.ref015]--[@pone.0123830.ref017]\], lysine acetylation \[[@pone.0123830.ref018]\], or sumoylation \[[@pone.0123830.ref019]\] in response to the factors EGFR \[[@pone.0123830.ref020]\], IL-3 \[[@pone.0123830.ref021]\] or Oct-4 \[[@pone.0123830.ref022]\] respectively. While in the majority of the above mentioned cases PKM2 translocation results in the stimulation of cell proliferation, it has been demonstrated that after other kinds of stimuli like DNA damage or oxidative stress, PKM2 translocates to the nucleus of cells leading to the activation of cell death in a caspases and Bcl-2 independent manner \[[@pone.0123830.ref023]\].

In the work presented here, we wanted to elucidate the PKM2-related molecular mechanisms responsible for OXA resistance acquisition in an *in vitro* model previously described by us \[[@pone.0123830.ref024]\]. As it will be shown, modulation of PKM2 expression altered OXA sensitivity not only in this cellular model but also in other human CRC cell lines. We show that PKM2 translocates to the nucleus in response to genotoxic damage caused by OXA in sensitive but not in cell lines with acquired resistance to the drug and it regulates the expression pattern of cell death genes such as BMF, which has been shown to be involved in the activation of apoptotic and non-apoptotic cell death.

Materials and Methods {#sec002}
=====================

Signed informed consent was obtained from each patient, and the Clinical Research Ethical Committee from Hospital Germans Trias I Pujol provided approval for the study.

Cell lines {#sec003}
----------

HCT116 colon carcinoma cells and its isogenic derivative with a targeted inactivation of p53 were a gift of Dr Vogelstein (Johns Hopkins University School of Medicine). SW480 and HT29 were obtained from the American Type Culture Collection (Manassas, VA). The latter was used as the parental cells of the OXA-resistant subline HTOXAR3, which was obtained as a result of continuous and increased exposure to OXA as described previously \[[@pone.0123830.ref009]\]. Cell lines were grown as monolayers in DMEM (HT29, SW480 and HTOXAR3; Invitrogen, Life Technologies) or RPMI 1640 (HCT116 and HCT116 p53 null; Invitrogen, Life Technologies) supplemented with 10% heat-inactivated FCS (Reactiva), 400 units/ml of penicillin, 40 μg/ml of gentamycin, and 2 mM of L-glutamine (Sigma) and cultured at 37°C in a humidified atmosphere of 5% CO~2~. Cells were periodically tested for contamination by *Mycoplasma* and were authenticated by short tandem repeat profiling.

Drugs {#sec004}
-----

OXA was prepared in water (1 mM) as stock solution and stored at -20°C. Further dilutions of the drug were made in culture medium to final concentrations before use.

siRNA transfections {#sec005}
-------------------

Cells were seeded at 60% confluence in serum and antibiotic-free OptiMem medium (Invitrogen) in 6, 12 and 96 well plates, depending on the following experiments. PKM2 was transiently silenced by using three different siRNAs targeting PKM2 (seq. NM_002654; NM_182470; NM_182471; Ambion). P53 and BMF inhibition was carried out with pools of 4 different siRNAs (Smartpool On-target plus: *TP53*, \#L-003329; *BMF*, \#L-004393-00, Dhamacon, GE). As a transfection agent we used Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions. A silencer negative transcription control (Cat No. AM4611; Ambion) was introduced in each experiment. Following 24 h of transfection, medium was replaced with full DMEM or RPMI 1640 mediums supplemented with serum and antibiotic. Validation of PKM2, p53 and BMF knockdown was assessed by qPCR and Western blot (WB), only by WB and only by qPCR, respectively. In fine-tune experiments, siGAPDH 3 nM positive control (NM_002046; Ambion) and non-transfected cells (Mock) were introduced to ensure that transfection had minimal effects on gene expression, proliferation and cell viability ([S1 Fig](#pone.0123830.s001){ref-type="supplementary-material"}).

Western blot {#sec006}
------------

Cells were homogenized in RIPA plus buffer \[Phosphate Buffered Saline (PBS); NP-40 1%; Na deoxycolate 0.5%; SDS 0.1%; EDTA 1 mM; NaF 50 mM; NaVO~3~ 5 mM\] containing a cocktail of EDTA-free protease inhibitors (Roche). Protein concentration was determined by the Bradford method by using the BCA Protein Assay Kit (Pierce) and bovine serum albumin as a standard. Twenty micrograms of protein were loaded and subjected to electrophoresis in 10% SDS-PAGE gels (Invitrogen) and transferred onto PVDF membranes (Bio Rad). After 1 h of blocking (LICOR Biosciences) membranes were incubated overnight at 4°C with a rabbit polyclonal anti-PKM2 primary antibody (Cell signaling; 1:1000) or with a mouse monoclonal anti-p53 (Abcam; 1:500). Rabbit monoclonal anti-Actin (1:2000) and mouse monoclonal anti-α-Tubulin antibodies (1:15000) (both from Sigma Aldrich) were used as internal controls. Membranes were incubated with IRDye rabbit and mouse secondary antibodies (1:15000) (LICOR Biosciences) for 45 minutes protected from light. Membranes were scanned by using Odyssey Imaging System and analyzed with Odyssey v2.0 software (LICOR Biosciences).

qPCR {#sec007}
----

Gene expression experiments were performed as described in a previous work \[[@pone.0123830.ref024]\]. Retrotranscription was performed with MMLV reverse transcriptase (Invitrogen) in accordance to the manufacturer's instructions. Primers and probes for PKM2 (assay no. Hs00762869_s1) and BMF (Hs.00372938_m1) mRNA expression analysis were purchased predesigned from Applied Biosystems. The PCR product size generated with these primers was 62 bp for PKM2 and 59 bp for BMF. Relative gene expression quantification was calculated according to the comparative Ct method as described elsewhere using 18S (Stratagene) or β-Actin (Applied Biosystems) as endogenous controls. In all experiments, only triplicates with a Ct value lower than 0.20 SD were accepted. In addition, for each sample analyzed, a retrotranscriptase minus control was run in the same plate to ensure absence of genomic DNA contamination.

MTT {#sec008}
---

The cytotoxicity of OXA was assessed by the 3-(4, 5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT) test. Cells were seeded and transfected in 96-well microtiter plates (Nunc) at a density of 1,000 (HT29 and SW480) and 2,000 cells/ well (HCT116). Forty eight hours after siRNA transfection, OXA was added at different concentrations; cell viability was determined 24 h after incubation by the MTT assay (Roche Diagnostics) \[[@pone.0123830.ref025]\]. Inhibitory concentrations (ICs, ranging from 10% to 90% of cell viability) were determined in each cell line by the median-effect line method. The data reported represent the mean ± SD of a minimum of three independent experiments.

Trypan Blue stain {#sec009}
-----------------

Cells were grown in 12 well plates and treated with 15 μM OXA for 24 h. After drug exposure cells were harvested and resuspended in DMEM medium at a concentration 1x10^5^ cells/ml. Cytotoxicity was assessed using trypan blue staining. Ten microliters of 0.05% trypan blue (Invitrogen) was mixed with 10 μl of cell suspension, spread onto a Neubauer chamber and covered with a coverslip. While viable cells exclude the dye and appear translucent, nonviable cells appear blue stained. Viability and mortality of at least 3 replicates of each experimental condition were quantified.

Annexin V/ Propidium Iodide test {#sec010}
--------------------------------

Apoptosis was determined by using FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen) according to the manufacturer's instructions. A minimum of 10^4^ cells per sample was analyzed by using FACS Canto II flow cytometer (Becton Dickinson Immunocytometry System). At least 3 replicates per experimental condition were analyzed. Positive and negative controls (binding buffer only, propidium iodide (PI) only, FITC-Annexin V only) were used to set up appropriate conditions to compensate detectors and quadrants. OXA-induced cell death after BMF gene silencing was measured by using PI. BMF was silenced using siRNA targeting BMF as described above. After 72 h Oxaliplatin treatment, HT29 cells were harvested with Accutase (Ref. A11105-01, Invitrogen) and resuspended in cold PBS with a PI concentration of 3μM. The PI fluorescence was determined on a FACSCanto II flow cytometer (Becton Dickinson Immunocytometry System). BMF gene silencing was confirmed by qPCR.

Cell cycle analysis {#sec011}
-------------------

To assess cell cycle distribution cells were harvested, washed in PBS, fixed in 1 ml 70% ice-cold ethanol and stored at 4°C for at least 30 min. Pellets were resuspended in 0.5 ml of 0.1 M HCl buffer and incubated for 10 minutes at 37°C. Reactions were stopped with 2.5 ml PBS. Cells were incubated in 1 ml of PI staining solution (30 μM (Applichem); RNAse A 200 μg/ml (Sigma)) for at least 30 min at room temperature in the dark. A minimum of 10,000 cells was analyzed for DNA content using a FACS Canto II flow cytometer (Becton Dickinson Immunocytometry System). The proportion of cells in G1, S phase and G2/M was determined using Flowjo Software v9.2.

Immunofluorescence analysis {#sec012}
---------------------------

PKM2 subcellular localization was detected by immunofluorescence. After 24 h of attachment in cell chamber slides (Millipore), cells were treated with OXA and fixed to coverslips in cold acetone for 10 min at room temperature. Blocking and permeabilization was done with PBS-T/ FBS 10%. Cells were incubated at room temperature with a rabbit polyclonal anti-PKM2 primary antibody (Cell Signaling; 1:100) for 1.5 h and subsequently, with secondary antibody anti-rabbit Alexa-568 (Invitrogen; 1:200). Nuclei were stained with DAPI gold-antifade reagent (Invitrogen). Coverslips were observed with a fluorescence microscope Axiovision Z1 by using Apotome system at 40x immersion oil lens (Carl Zeiss, Heidelberg, Germany). Multiple images were taken at different focus distances by using z-stacking (thickness interval: 0.750--1 μm) to localize PKM2 at different focal depths.

qPCR array {#sec013}
----------

Quantitative real-time PCR (qRT-PCR) was performed by using Human Cell Death Pathway Finder PCR Array 384 HT (PAHS-212Z, SA Biosciences), a qPCR Array containing 84 cell death-related genes. Briefly, Total RNA was collected from cells using EZNA total RNA Kit I (Omega) and treated with DNAse (Ambion). RNA was quantified with a Nanodrop TM ND-1000 spectrophotometer (Thermo Scientific). RNA integrity and lack of genomic contamination were assessed by running samples in 1% agarose gels. A total of 500 ng RNA was used for reverse transcription with RT^2^ First Strand Kit (SA Biosciences). PCR reactions were performed using the RT^2^ profiler PCR array mentioned before and RT^2^ Real-time SYBR Green PCR master mix (SA Biosciences) on a 7900HT Fast Real-time PCR system (Applied Biosciences) and following manufacturer's instructions. Relative changes in gene expression were calculated using the 2^\^-ΔCt^ (threshold cycle) method. Those housekeeping genes that did not show variability between experimental conditions were selected to be included on the array (RPLP0 and ACTB) to normalize the cDNA amounts. Three independent biological replicates were performed.

Statistical analysis {#sec014}
--------------------

Statistical Analysis was carried out using PASW statistics 18 (IBM) except for the dose-response curves analysis, which was carried out with PRISM4 program (Graphpad Software). Statistical differences between IC~50~ were determined by graphic representation of dose-response curves and subsequent non-linear regression analysis and F test. U-Mann Whitney test was used to determine cell cycle distribution differences. Comparisons among different experimental conditions in qPCR Array and BMF expression experiments were carried out through the T-Student test. Differences were considered statistically significant at *P \< 0*.*05*.

Results {#sec015}
=======

PKM2 gene silencing alters OXA sensitivity of human colorectal cancer cells {#sec016}
---------------------------------------------------------------------------

In a previous work we found lower levels of PKM2 protein and mRNA expression in CRC cells with acquired resistance to OXA (HTOXAR3) and in tumors from OXA non-responder patients, especially in those with mutated p53 \[[@pone.0123830.ref008]\]. In order to assess the effect of down-regulating PKM2 on OXA response in parental cells, we specifically inhibited PKM2 gene expression by using siRNA oligonucleotides in HT29 cells. Sensitivity to OXA in control (siNTC) and PKM2 knockdown cells (siPKM2) was compared by MTT assay. Forty-eight hours after gene silencing, cells were seeded in 96-well plates and treated for 24 h with OXA doses ranging 0--30 μM. PKM2 knockdown efficiency was higher than 95% at both mRNA and protein levels and lasted for 96 h or more ([S1 Fig](#pone.0123830.s001){ref-type="supplementary-material"}). As it can be seen in [Fig 1](#pone.0123830.g001){ref-type="fig"}, in HT29 cells, PKM2 silencing led to more than 40% increase in OXA resistance as compared to siNTC cells (fold = 1.42; p\<0.0001) confirming the influence of PKM2 down-regulation in oxaliplatin resistance in these cells. These results were validated in SW480 cells (fold = 1.61 p\<0.0001) but not in HCT116 where PKM2 knockdown was associated with higher sensitivity to OXA (fold = 0.80; p = 0.007) ([Fig 1](#pone.0123830.g001){ref-type="fig"}). We hypothesized that PKM2 influenced the tumor cells' response to OXA depending on additional factor/s. One one possibility could be the mutational status of p53 since all these cell lines have abnormal EGFR signaling pathway (HT29 harbors mutations in BRAF and PI3K, HCT116 in KRAS and PI3K and SW480 in KRAS) but present different p53 mutational status (HT29 and SW480 are p53 mutated and HCT116 are p53 wt). In order to demonstrate this hypothesis, we used an HCT116 isogenic derivative with targeted inactivation of p53 (HCT116 p53 -/-)\[[@pone.0123830.ref026]\]. p53 null cells were highly resistant to oxaliplatin as previously reported \[[@pone.0123830.ref027]\] but the inhibition of PKM2 gene expression again led to a decrease in oxaliplatin resistance ([Fig 2](#pone.0123830.g002){ref-type="fig"}). These results indicated a possible effect not depending on wt p53 but on a gain-of-function (GOF) mutation of p53. According to this, we expected a change in oxaliplatin sensitivity in HT29-siPKM2 cells after silencing p53 gene expression. As it is shown in [Fig 2](#pone.0123830.g002){ref-type="fig"}, p53 gene knock down in HT29 cells (siNTC) led to a decreased resistance to oxaliplatin, but under these conditions the lack of PKM2 expression also increased resistance in these cells. Taken together these results suggest that the role of PKM2 in oxaliplatin sensitivity is cell line-dependent and that other factors, different from mutated p53 *per se*, but probably associated with a p53-mutated carcinogenic context, could be influencing the different behavior observed in these cell lines after PKM2 gene silencing. Further experiments are warranted in order to demonstrate this point.

![Effect of PKM2 silencing on OXA cytotoxicity in HT29, SW480 and HCT116 cells.\
Dose-response curves for HT29, SW480 and HCT116 cell lines after PKM2 gene silencing and OXA treatment at 0--140 μM and 0--32 μM for 24 hours. Curves represent the average values from at least three independent experiments. Cell proliferation was measured by MTT assay. Vertical bars in the graphics represent ± SD. Insets show PKM2 inmunoblotting after siRNA-directed inhibition. Specific IC50 values for oxaliplatin in all conditions are displayed in the table. IC50 values for Mock conditions (without transfection) were very similar to those of siNTC and are not shown. \*p-values are result of comparison to the siNTC condition.](pone.0123830.g001){#pone.0123830.g001}

![Effect of PKM2 silencing according to p53 in HT29 and HCT116 cell lines.\
Bars represent the IC50 ± SD (average values from at least three independent experiments) for oxaliplatin for each condition. Insets show PKM2 and p53 inmunoblotting after PKM2 gene silencing. Specific IC50 values for oxaliplatin in all conditions are displayed in the table. IC50 values for Mock conditions (without transfection) were very similar to those of siNTC and are not shown. \*p-values are result of comparison to the siNTC condition. \* *P- value* \< 0.05. \*\* *P-value \<* 0.01; \*\*\* *P-value \<* 0.001](pone.0123830.g002){#pone.0123830.g002}

PKM2 gene silencing in HT29 cells is associated with an increase in cell viability but not with a decrease in apoptosis after OXA exposure {#sec017}
------------------------------------------------------------------------------------------------------------------------------------------

Following our main objective, we wanted to know whether the effect of PKM2 gene silencing on oxaliplatin resistance in our *in vitro* model, was due to an increase in cell viability, to a decrease in apoptosis or both. PKM2 was silenced in HT29 cells before treating them with 15 μM OXA for 24 hours. The effects were compared to control cells treated the same way. By using trypan blue staining, viability rates between OXA treated (T) and non-treated (NT) cells were calculated for 0, 24 and 48 h recovery times (after treatment with oxalplatin, cells were left to recover for 0, 24 and 48 h, respectively). Twenty-four hours after treatment (time point 0h) a clear effect of OXA was detected. Cell population of siNTC and siPKM2 cells diminished progressively after 48 h treatment. However, viability was slightly higher in siPKM2 cells compared to siNTC cells at all time-points, which was statistically significant at 0 h (Fig [3A](#pone.0123830.g003){ref-type="fig"} and [3B](#pone.0123830.g003){ref-type="fig"}). This fact indicates that PKM2 is affecting OXA response in these cells. To further investigate downstream mechanisms associated with PKM2-related increase in viability in response to OXA, we analyzed the effect on apoptosis by using the Annexin V/ PI double staining assay ([Fig 3C](#pone.0123830.g003){ref-type="fig"}). Cytotoxicity induced by OXA did not markedly alter levels of induced early apoptosis until 48 hours after continuous exposure ([Fig 2D](#pone.0123830.g002){ref-type="fig"}). Moreover, we did not find significant differences in apoptosis activation between silenced PKM2 and control cells in presence of OXA but there was a trend that siNTC cells died in a larger proportion than siPKM2 cells. These results reinforce the idea that PKM2 participates in OXA resistance and that apoptosis is not the principal pathway implicated in cell death activated after OXA exposure in this cell line.

![PKM2 silencing alters OXA response in HT29 cells but not apoptosis activation.\
After siRNA transfection cells were treated with 15 μM OXA for 24 h period, observed by optical microscopy at 0, 24 and 48 h after the end of drug exposure (0 h refers to cells treated for 24h; 24 h refers to cells treated for 24 h and left to recover for additional 24 h) (A) and quantified by trypan blue staining (B). Apoptosis activation after 24 and 48 hours of 10 μM OXA exposure was determined by FITC-Annexin V/ PI double staining (C) and measured as a ratio between percentages of apoptotic treated (T) and non-treated (NT) cells (D). Vertical bars in the graphics represent ± SD. \**P-value* \< 0.05. NT: non-treated cells. Optical microscopy: objective 10x magnification.](pone.0123830.g003){#pone.0123830.g003}

Cell cycle distribution after OXA exposure is altered by PKM2 knockdown in HT29 but not HCT116 cells {#sec018}
----------------------------------------------------------------------------------------------------

OXA has been reported to modify protein expression and stability of p53 leading to an arrest of cells in G1 and/or G2/M principally depending on its mutational status \[[@pone.0123830.ref005], [@pone.0123830.ref027]--[@pone.0123830.ref029]\]. In order to assess if PKM2 expression, OXA and p53 mutational status led to differences in cell cycle progression, we studied cell cycle distribution throughout 72 h in PKM2 silenced and control HT29 and HCT116 cells following continuous treatment with 10 μM OXA. As it is shown in [Fig 4](#pone.0123830.g004){ref-type="fig"}, untreated cells displayed the same cell cycle distribution, in the presence or absence of PKM2, meaning that this protein has no effect on cell cycle regulation *per se*. However, OXA induced different responses in cell cycle control between the two cell lines. HCT116 cells treated with OXA were mainly retained in G1 and G2/M phases throughout 72 h of continuous exposure to the platinum drug and PKM2 ablation did not have a significant effect on cell cycle distribution. In contrast, treatment in HT29 cells, led them to be retained in S and G2/M phases principally. These cells were significantly affected by PKM2 knockdown in the last 48 and 72 hours of exposure (S phase cells: 67.2% siNTC vs 48% siPKM2; p = 0.05; G2/M phase cells: 66.5% siNTC vs 39.7% siPKM2; p = 0.05). siPKM2-HT29 cells did not hold more than 24 hours in any phase of the cell cycle, thus avoiding cell cycle checkpoints. These results confirm that CRC cells respond to OXA altering their cell cycle depending on p53 mutational status and PKM2 expression.

![Cell cycle distribution in HT29 and HCT116 cells after PKM2 gene silencing and treatment with OXA.\
Both cell lines were transfected and/or exposed to 10 μM OXA for 8, 24, 48 and 72 h. After propidium iodide staining, the proportion of cells in cell cycle phases G1, S and G2/M was measured by flow cytometry and quantified by Flowjo v9.2 software. Results are representative of at least three independent experiments. *P-values* ≤ 0.05 are represented as a \*.](pone.0123830.g004){#pone.0123830.g004}

PKM2 translocates to the nucleus in response to OXA in sensitive but not in resistant cells {#sec019}
-------------------------------------------------------------------------------------------

It has been demonstrated that genotoxic damage caused by UV and oxidative stress stimulates PKM2 nuclear translocation to promote cell death \[[@pone.0123830.ref023]\]. Due to the pharmacological characteristics and mechanism of action of OXA, we wanted to know if it could induce similar changes in PKM2 subcellular localization. We treated HCT116, HT29 and HTOXAR3 cells with different doses of the drug (1.65, 10 and 30 μM) throughout 72 h and we observed PKM2 localization by using fluorescence microscopy. As it is shown in [Fig 5](#pone.0123830.g005){ref-type="fig"}, at basal conditions PKM2 was distributed in the cytoplasm of all the cell lines analyzed. However, exposure to OXA induced substantial changes in PKM2 localization in HCT116 and HT29 cell lines but strikingly, these changes were not observed in HTOXAR3 cells. Transient nuclear translocation of PKM2 was observed in HCT116 cells in the first 24 hours after 1.65 μM OXA exposure. Forty-eight hours later, PKM2 was relocated again in cytoplasm. At this time, most of the cells appeared shrunk and detached correlating with an increase in the amount of cell death induced by de drug. In HT29 cells, OXA induced a progressive and increasing nuclear accumulation of PKM2 along 72 h both at 10 or 30 μM. Cells with PKM2 in the nucleus showed a markedly increase in size and displayed a punctuated expression pattern of the protein. In contrast, PKM2 remained in the cytoplasm of HTOXAR3 cells through all the treatment time-points at low (10 μM) and IC~50~ (30 μM) doses of the platinum agent. Importantly, HTOXAR3 cells showed less PKM2 staining than HT29 cells corroborating our previous results \[[@pone.0123830.ref008]\]. HT29 siPKM2 cells were used as a control of antibody staining specificity ([S2 Fig](#pone.0123830.s002){ref-type="supplementary-material"}).

![PKM2 subcellular localization in response to OXA in colorectal cancer cell lines.\
Immunoflourescence staining of PKM2 (red) demonstrates nuclear accumulation in HCT116 and HT29 cells after treatment with OXA in a time and dose-dependent manner but not in resistant HTOXAR3 cells. Nuclei were stained in blue. NT: Non-treated cells. Objective lens: 40x immersion oil. Scale bar: 10 μm.](pone.0123830.g005){#pone.0123830.g005}

It has been reported that nuclear PKM2 and levels of β-catenin phosphorylation correlate with grades of glioma malignancy and prognosis \[[@pone.0123830.ref030]\]. Other authors have also reported basal PKM2 nuclear localization in human cell lines from different origin, including colorectal cancer \[[@pone.0123830.ref031]\]**.** To confirm PKM2 subcellular localization in human colorectal tumors and its possible relationship with total β-catenin, we analyzed their respective immunohystochemical staining in a tissue microarray of 41 tumor samples from metastatic CRC patients that was previously used by us \[[@pone.0123830.ref008]\]. Our results clearly confirmed PKM2 cytoplasmic stain in all the tumors analyzed ([S3 Fig](#pone.0123830.s003){ref-type="supplementary-material"}). It is noteworthy that these observations were carried out with the use of 2 different antibodies (see [S1 File](#pone.0123830.s006){ref-type="supplementary-material"}). PKM2 and β-catenin were highly expressed in most of the tumors analyzed but we could not find any positive correlation between PKM2 and β-catenin nuclear localization.

PKM2 gene silencing alters the expression patterns of cell death genes in CRC cell lines in response to OXA {#sec020}
-----------------------------------------------------------------------------------------------------------

As it has been shown in this work, PKM2 translocates to the nucleus of HT29 cells in response to this platinum agent while in its OXA-resistant derivative cells it does not. Taking into account previous results associating nuclear translocation of PKM2 and the activation of caspase-independent cell death pathways \[[@pone.0123830.ref023]\], we speculated that PKM2 promotes transcription of genes involved in response to OXA. By using a RT^2^ profiler qPCR Array we analyzed the expression of 84 key genes related to different cell death mechanisms (apoptosis, necrosis and autophagy) in order to clarify which cell death pathway/s or gene/s play a major role in response to OXA and whether the PKM2 gene silencing affects the associated transcription patterns. To do that, HT29 cells were transfected with specific siRNAs as described before, and were treated with OXA 10 μM for 48 h in order to assure high levels of nuclear PKM2 ([Fig 5](#pone.0123830.g005){ref-type="fig"}). As it is shown in [Fig 6A](#pone.0123830.g006){ref-type="fig"}, patterns of gene expression in response to OXA were quite different among HT29, siPKM2-HT29 and HTOXAR3 cells. As we expected, the proportion of deregulated genes as a consequence of OXA exposure was considerably higher in HT29 cells as compared to HTOXAR3 since 10 μM OXA corresponds to the IC~50~ of the sensitive cells and approximately to IC~25~ for HTOXAR3 cells. Interestingly, siPKM2 cells exhibited an "intermediate" pattern of cell death genes expression. As it is clearly shown in the heat map in [Fig 6B](#pone.0123830.g006){ref-type="fig"}, after OXA treatment, gene expression profile of siPKM2 cells was closer to that of HTOXAR3 cells than to that of the sensitive cells. Twenty-eight of these genes showed the highest (fold-change) and/or statistically significant differences among the experimental conditions analyzed ([Table 1](#pone.0123830.t001){ref-type="table"} and [S1 Table](#pone.0123830.s005){ref-type="supplementary-material"}). Then, we established a rationale in order to select the best candidates to be validated specifically so that only those genes showing a statistically significant associated p-value in at least one of the experimental conditions were considered (N = 12). Among them, we chose those genes that were clearly altered in response to OXA in HT29 siNCT cells (down- or up-regulated), while they remained unaltered or changed the opposite way (up- or down-regulated) in HT29 siPKM2 and in HTOXAR3 cells under the same conditions. Bcl-2 modifying factor (BMF), met this criteria, becoming a candidate gene to study in depth.

![Changes in cell death genes expression patterns after PKM2 gene silencing and/or OXA treatment.\
A. 3-D plot showing fold changes in expression patterns after treatment with 10 μM OXA in HT29, siPKM2-HT29 and HTOXAR3 cells. B. Heat map showing up- and down-regulated genes after OXA treatment according to three different cell death pathways.](pone.0123830.g006){#pone.0123830.g006}
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###### Most relevant changes in cell death genes expression patterns after treatment with OXA and/or PKM2 gene silencing.

![](pone.0123830.t001){#pone.0123830.t001g}

                                               Comparison A                  Comparison B                                 
  -------------------------- ----------------- -------------- -------------- -------------- -------------- -------------- --------------
  **Pro-apoptosis**          ***BAX***         0.93           0.75           ***0*.*58***   0.82           0.62           0.71
                             ***CASP1***       1.30           1.01           1.42           0.83           1.09           **0.45**
                             ***CASP3***       0.88           ***0*.*60***   ***0*.*56***   0.90           0.63           0.82
                             ***CASP7***       ***0*.*76***   0.73           ***0*.*48***   0.98           ***0*.*62***   0.85
                             ***CD40***        0.76           0.72           0.76           0.97           1.00           **2.23**
                             ***FASLG***       **2.46**       1.52           **3.24**       1.80           1.32           **0.45**
                             ***TNF***         **2.86**       0.66           0.92           0.71           **0.32**       **0.36**
  **Anti-apoptosis**         ***BCL2***        0.85           1.88           1.06           **3.11**       1.24           1.72
                             ***BIRC3***       **7.28**       0.64           **4.18**       1.19           0.57           0.53
                             ***TNFRSF11B***   **2.44**       **2.61**       1.15           **3.66**       **0.47**       1.09
                             ***TRAF2***       1.32           ***0*.*75***   0.83           1.26           0.63           0.94
  **Apoptosis & Necrosis**   ***ATP6V1G2***    1.66           **3.45**       **3.50**       **3.74**       **2.11**       1.52
                             ***BMF***         1.78           1.26           1.08           0.87           0.60           ***0*.*37***
                             ***SYCP2***       0.60           0.89           **0.43**       0.96           0.70           0.96
  **Necrosis**               ***CCDC103***     ***1*.*84***   0.91           1.19           0.81           0.65           0.69
                             ***COMMD4***      1.00           0.80           0.90           ***0*.*88***   0.90           ***0*.*78***
                             ***DEFB1***       1.09           0.93           0.68           1.01           0.63           **0.48**
                             ***DENND4A***     1.00           0.77           ***0*.*69***   0.96           0.69           0.71
                             ***DPYSL4***      1.49           0.66           **2.38**       1.59           1.60           0.55
                             ***GALNT5***      **10.29**      0.60           **6.82**       1.04           0.66           **0.43**
                             ***MAG***         **2.16**       1.45           1.96           **2.68**       0.91           1.11
                             ***OR10J3***      **0.48**       0.59           0.54           0.82           1.14           1.13
                             ***PVR***         1.46           ***0*.*52***   0.91           0.87           0.62           0.72
  **Autophagy**              ***ATG7***        ***1*.*22***   0.80           0.95           0.76           0.78           0.82
                             ***CTSS***        1.16           0.92           0.88           0.52           0.76           **0.39**
                             ***MAP1LC3A***    1.93           0.83           1.85           0.69           0.95           **0.37**
                             ***MAPK8***       0.93           ***0*.*58***   0.70           0.87           0.75           0.86
                             ***RPS6KB1***     0.99           0.63           ***0*.*61***   0.88           ***0*.*62***   0.74

Changes in cell death genes expression after OXA administration, PKM2 silencing and/or resistance acquisition. Legend: Comparison A: experimental condition vs. HT29 non-treated cells. Comparison B: experimental condition vs. HT29 OXA-treated cells. In bold: Values with highest Fold change value (Fold ≤ 0.5 or ≥ 2) and/or *P-value ≤ 0*.*05 (italics)*. Fold \< 1 represents down-regulated genes and Fold \>1 represents up-regulated genes.

In order to demonstrate that BMF gene expression levels were altered after oxaliplatin treatment and that this alteration in turn depends on PKM2 expression, we treated HT29-siNCT and-siPKM2 cells with oxaliplatin and compared BMF expression levels to those of HTOXAR3 cells treated under same conditions by qPCR using specific primers and Taqman probes (see [material and methods](#sec002){ref-type="sec"} section). As it is demonstrated in [Fig 7A](#pone.0123830.g007){ref-type="fig"}, alterations in BMF expression as a consequence of OXA administration among HT29, HTOXAR3 and siPKM2-HT29 cells were statistically significant after 24 and 48 h. While after treatment with OXA at 10 μM HT29 cells up-regulated almost 2 fold BMF gene expression, HTOXAR3 and siPKM2 cells down-regulated it. Strikingly, at a higher dose near HTOXAR3 IC~50~, HT29 cells up-regulated BMF expression almost 4-fold while resistant cells still down-regulated it. Under these conditions, siPKM2 cells showed a response similar to that of HT29 cells treated at 10 μM, elevating BMF expression up to 2 fold after 48 h. Interestingly, the expression of BMF was unchanged after oxaliplatin treatment for 24 h in both HCT116 p53 wt and null cell lines ([S4 Fig](#pone.0123830.s004){ref-type="supplementary-material"}). This implies a lack of involvement of BMF in oxaliplatin response and is in line with the idea that PKM2 is activating or repressing other factors in these cells. In order to assess the impact of BMF up-regulation on oxaliplatin-induced cell death, we silenced BMF expression in HT29 cells with specific siRNAs and analyzed cell death as the percentage of PI-stained cells after treatment with oxaliplatin. BMF expression was inhibited about 69% and this led to a small but statistically significant decrease in cell death after treatment with a high dose of oxaliplatin ([Fig 7B](#pone.0123830.g007){ref-type="fig"}). This suggests that BMF is participating in oxaliplatin-induced cell death in HT29 cells, however it probably is not the most relevant factor, which would be in line with results from the qPCR array where not only the expression of BMF was affected after oxaliplatin treatment and/or PKM2 silencing. We suggest a PKM2-mediated role of BMF (among others) in activating cell death (different from apoptosis) in response to OXA in HT29 cells that has been impaired in HTOXAR3 cells as a consequence of OXA resistance acquisition.

![BMF is involved in oxaliplatin response and cell death at the transcriptional level A.\
Changes in BMF gene expression between OXA treated (T) and non-treated (NT) HT29, siPKM2- HT29 and HTOXAR3 cells. Vertical bars in the graphics represent means obtained from at least 3 independent experiments ± SD. B. Percentage of dead cells after treatment with oxaliplatin and/or BMF gene knockdown. Bars represent means obtained from at least 3 independent experiments ± SD. The Little graph shows percentage (mean ± SD) of BMF expression inhibition after siRNA transfections. \* *P- value* \< 0.05. \*\* *P-value \<* 0.01; \*\*\* *P-value \<* 0.001](pone.0123830.g007){#pone.0123830.g007}

Discussion {#sec021}
==========

OXA-based combinations are still essential in the clinical management of advanced CRC patients. However, chemotherapy resistance remains one of the principal problems of treatment success. In a previous work, we demonstrated that PKM2 expression was diminished as a consequence of a sustained exposure to OXA in an *in vitro* model \[[@pone.0123830.ref008]\]. The results presented here reveal that PKM2 is involved in the response and resistance acquisition to OXA in HT29 cells through its nuclear translocation ability and by affecting expression patterns of cell death-related genes, such as BMF, which has been linked to both apoptotic and non-apoptotic cell death execution.

In order to emulate the low levels of PKM2 found in OXA resistant HTOXAR3 cells \[[@pone.0123830.ref008]\], we silenced PKM2 gene expression with the use of specific siRNAs in the parental cell line HT29 and assessed the effect on OXA sensitivity. After exposure to OXA, PKM2 silencing resulted as expected, in an increased resistance to the platinum drug in HT29 cells as well as in SW480 cells while strikingly, in HCT116, a p53 wild type cell line, PKM2 silencing significantly increased sensitivity to OXA, thus suggesting a possible connection among PKM2, mutational status of p53 and response to OXA. Experiments using HCT116 p53 null isogenic cells and siRNA-based inhibition of p53 in HT29 cells, showed that the observed different behavior of PKM2 in p53 wt and mutated cell lines was not dependent on p53 *per se*. A limitation of these experiments is the fact that we did not use an HCT116 p53 null cell line stably transfected with a construct encoding a p53 mutant protein (in this case the R273H mutation, the same that HT29 and also SW480 cell lines harbor). This approach would have confirmed or ruled out the role of a GOF mutation in p53 in PKM2-mediated resistance to OXA. Nevertheless, our results indicate a context-dependent behavior for PKM2 in response to OXA and lead us to speculate about the possible reasons. It is noteworthy that while HT29 and SW480 cells arise from microsatellite stable (MSS) tumors, HCT116 cells exhibit microsatellite instability (MSI) due to biallelic deletion of *MLH1* gene. It is well known that sporadic colorectal tumors evolving from the chromosomal instability pathway (CIN) are molecularly and clinically different from those coming from the microsatellite instability (MSI) pathway. The cancer genome atlas network (TCGA) reported a comprehensive and extensive molecular characterization of human colon and rectal cancer in which such differences were not only confirmed but also reinforced. They found that almost all tumors with an hypermutated genome were MSI-high, were significantly less frequently mutated in *TP53* or *APC* genes but more frequently mutated in *TGFBR2* and presented alterations in specific gene networks different from those associated with non-hypermutated MSS tumors indicating that they progress through different sequences of genetic events \[[@pone.0123830.ref032]\]. In such scenario it is reasonable to think that PKM2 could have different partners according to the genetic context in which it is found and consequently, behave in a different way.\[[@pone.0123830.ref011], [@pone.0123830.ref033]\]\[[@pone.0123830.ref034]\].

We found that the increased proliferation observed in siPKM2-HT29 cells after OXA treatment was not accompanied by a decrease in apoptosis; however, a sustained S phase delay was observed in these cells as compared to siNTC-HT29, in which this delay was transient. This effect has been related to oxaliplatin resistance in p53-mutated cells \[[@pone.0123830.ref005], [@pone.0123830.ref006], [@pone.0123830.ref029]\]. In contrast, HCT116 cells displayed the typical retention in G1 and G2/M after treatment with oxaliplatin and no differences were observed between control and siPKM2 cells.

PKM2 translocates to the nucleus in response to oxidative stress generated by H~2~O~2~ or to genomic damage caused by UV \[[@pone.0123830.ref023]\]. Accordingly, we here demonstrate that oxaliplatin induced PKM2 nuclear translocation in both HCT116 and in HT29 cells but surprisingly, this movement was not observed in HTOXAR3 cells. It has been proposed that nuclear translocation of PKM2 happens after sumoylation by the SUMO-E3 ligase protein PIAS3 (inhibitor of activated STAT3) \[[@pone.0123830.ref019]\]. Continuous exposure of HT29 cells to oxaliplatin until obtaining of HTOXAR3 resistant cells could have modified the PKM2 protein in those residues that are important for nuclear translocation in response to oxaliplatin. For example, Anastasiou et al. showed that the exposure to acute concentrations of ROS caused oxidation of residue Cys358 \[[@pone.0123830.ref035]\]. Whether these or other possible modifications are behind the alteration in PKM2 ability to translocate in response to oxaliplatin in HTOXAR3 cells remains to be demonstrated.

Stetak et al. proposed a caspase-independent cell death mechanism for nuclear PKM2 under oxidative stress or DNA damage conditions \[[@pone.0123830.ref023]\]. In fact, it has been demonstrated that oxaliplatin induces necrotic cell death in p53-mutated cells, including HT29 \[[@pone.0123830.ref005]\]. Taking into account that our Annexin V/PI experiments did not show a role of PKM2 in promoting apoptosis after OXA treatment, we wanted to know if an alternative cell death pathway was activated after PKM2 translocation in response to OXA. After OXA treatment, caspases 3 and 7 were down-regulated while an up-regulation of necroptotic and autophagic genes such as *BIRC3* \[[@pone.0123830.ref036]\], *PVR*, *MAG*, *GALNT5* \[[@pone.0123830.ref037]\] and *ATG7* \[[@pone.0123830.ref035]\] was observed, suggesting that in our experimental conditions, cell death activated by OXA could be executed by mechanisms such as autophagy, necroptosis, or a combination of both. Moreover, PKM2 gene silencing altered the expression patterns of cell death related genes in response to OXA. One of them was the Bcl-2 modifying factor (BMF), which has been implicated not only in apoptosis and anoikis \[[@pone.0123830.ref038]\] but also in necroptosis execution \[[@pone.0123830.ref037], [@pone.0123830.ref039]\], a caspase-independent programmed cell death mechanism stimulated by ROS \[[@pone.0123830.ref040]\] and prevalently activated in p53 and apoptosis deficient cells \[[@pone.0123830.ref005], [@pone.0123830.ref037], [@pone.0123830.ref041]\], as well as in autophagy \[[@pone.0123830.ref042]\]. We found that the expression of BMF at the RNA level was deeply affected by both PKM2 knock down and OXA resistance acquisition. While in HT29 cells OXA treatment led to an increase of BMF expression, in siPKM2 and HTOXAR3 cells this increase was not observed. These differences were more evident at 30 μM, which is the IC~50~ for the resistant cells. Noteworthy, BMF gene expression remained unchanged in HCT116 p53 wt and null cells after a 24 h treatment with OXA suggesting a lack of involvement of BMF in the response to OXA in this cell line. Finally, BMF gene silencing in HT29 cells was associated with a decrease in cell death after OXA exposure. These results suggest a role of BMF on OXA-induced cell death in HT29 cells. Further studies are necessary in order to elucidate the exact mechanism by which BMF promotes cell death in response to OXA. Nevertheless, it seems that nuclear PKM2 can be directly or indirectly promoting BMF transcription in response to OXA and that resistant cells are unable to respond due to PKM2 inability to translocate to the nucleus. The way PKM2 performs this activation in transcription needs to be further explored. Gao X et al. reported a lack of known DNA-binding domain/motif in PKM2 and otherwise showed a role of PKM2 in MEK5 transcription through interaction and activation of STAT3 transcription factor \[[@pone.0123830.ref031]\]. It has also been shown that PKM2 directly binds to histone H3 and phosphorylates histone H3 at T11 upon EGF receptor activation. This phosphorylation is required for the dissociation of HDAC3 from the CCND1 and MYC promoter regions \[[@pone.0123830.ref043]\]. These are possible ways by which PKM2 could activate BMF expression in response to OXA since the latter has been reported to be controlled by HDAC8 and STAT3 \[[@pone.0123830.ref044]\] or by HDAC1 at the promoter level \[[@pone.0123830.ref042]\].

In conclusion, we here describe new evidence about non-glycolytic functions of PKM2 related to its nuclear translocation, which supports previous data about a role in activating cell death after oxidative stress and DNA damage. Specifically, this is the first time that it is described that an anticancer platinum drug induces PKM2 nuclear translocation, which is probably related to transcriptional activation of BMF, a cell death-related gene. Further experiments are guaranteed in order to uncover new roles of this moonlighting enzyme.
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###### PKM2 gene silencing in human CRC cell lines HT29 and HCT116.

GAPDH and PKM2 mRNA (A) and protein (B) levels 48 h post-PKM2 gene silencing by using siRNAs. C. PKM2 protein expression in HT29 and HCT116 cell lines from 24 to 96 hours post-transfection. Pictures represent one of at least three independent experiments for each condition. Vertical bars in the graphics represent ± SD.

(TIFF)

###### 

Click here for additional data file.

###### PKM2 inmunofluorescence staining after gene knockdown in HT29 cells.

HT29 Cells transfected with NTC or PKM2 siRNAs were submitted to inmunocytochemistry staining with a specific antibody against PKM2 (red). Nuclei were stained with DAPI (blue).

(TIFF)

###### 

Click here for additional data file.

###### PKM2 and β-catenin expression and localization in human colorectal tumor tissues.

A. Immunohistochemical staining of PKM2 and β-catenin showed PKM2 to localize in the cytoplasm. Nuclear or membrane β-catenin staining indicated the presence or not of an alteration in the Wnt pathway, respectively. B. Table showing association between PKM2 and β-catenin staining. Absolute values indicate the number of cases according with PKM2 and β-catenin stainings. Original magnification x40.

(TIFF)

###### 

Click here for additional data file.

###### Changes in BMF expression levels after treatment with oxaliplatin in HCT116 p53 wt and p53 null cell lines Changes in BMF gene expression between OXA treated (T) and non-treated (NT) HCT116 p53 wt and HCT116 p53 null cell lines.

Vertical bars in the graphics represent means obtained from at least 3 independent experiments ± SD

(TIFF)
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Click here for additional data file.

###### qPCR array raw data.

(XLSX)
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Click here for additional data file.

###### Supplementary file.

(DOCX)

###### 

Click here for additional data file.
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